Abstract-Linearly polarized spectral emission is induced by non-Maxwellian electrons with anisotropic velocity distributions through collisional processes with ions in plasmas. X-ray line polarization is a viable diagnostic tool for the study of these electrons, which has been tested in controlled settings, e.g., the electron beam ion trap, but due to strong depolarization effects, has been relatively unexplored in laboratory-produced high-energy-density plasmas. This paper explores the X-ray line polarization for the study of Ne-like molybdenum X-pinch plasmas. Previous polarization studies have focused mostly on K-shell spectral lines, whereas the current paper expands on these studies by investigating L-shell line polarization. The X-pinch is favorable due to its high-density plasma formation, high radiation yield, fixed hotspot location, and reliable electron beam production. L-shell X-ray line polarization and spectral emission of Mo X-pinches were investigated through dual α-quartz (2d = 6.687 Å) crystal spectropolarimetry with axial and radial spatial resolution. In particular, line polarization is evaluated through a comparative analysis of relative line intensities observed over a range of Ne-like Mo transitions simultaneously recorded with two spectrometers with different sensitivity to polarization. An appreciable degree of X-ray line polarization (up to 15%) is observed in the Ne-like Mo plasmas and analyzed using depolarization effects. These results are the first polarization measurements in high-Z pulsed power plasmas.
X-Ray Line Polarization of Ne-Like Mo Spectra from X-pinch Plasmas astrophysics. Percival and Seaton [1] developed the theory on polarization of X-ray line radiation from atoms excited by electron impact 60 years ago. Since then, application of X-ray line polarization as a diagnostic tool for studying plasmas has remained relatively underutilized. One of the first attempts, by Haug [2] , [3] , was to calculate the linear polarization of lines from H-and He-like ions that were collisionally excited by non-Maxwellian electrons in solar flares. X-ray line polarization has also been applied to laboratory-produced plasmas as a diagnostic for non-Maxwellian electrons. For example, Kieffer et al. [4] used X-ray line polarization to study the electron distribution function (EDF) anisotropy in laser-produced plasmas, revealing significant polarization of Al He-like line emission in these plasmas. The paper [4] demonstrated the diagnostic utility of line polarization for the study of ultrashort gradient-scale length plasmas. This paper expands on the development of X-ray line polarization as a diagnostic for high energy density (HED) plasmas. Previous work [5] investigated X-ray line polarization in K-shell pulsed-power plasmas using mid-Z materials. In these plasmas, high-Z materials have been shown to be more reliable than low-mid-Z materials in the production of nonthermal electron beams [6] . For the line polarization studies in HED plasmas, we need a strong radiation source with a fixed hotspot location for diagnostic purposes, such as, for example, high-Z, L-shell radiators from pulsed-power plasmas that produce intense local hotspots. Planar wire arrays (PWAs) have been shown to be very efficient radiators and, in particular, Mo PWAs were observed [7] to be high-yield L-shell radiators. However, PWAs usually radiate a chain of hotspots, making them less attractive for spectropolarimetry. L-shell radiation is beneficial as it has been shown [8] , [9] that self-absorption effects, which are significant in K-shell, are mitigated in L-shell due to copious radiative channels. In addition, under a 1-2 MA current regime of the pulsed-power generator, it is more difficult to strip L-shell down to K-shell when the wire material comprises greater than 9 or so electrons [10] . These factors exemplify why L-shell radiation is more advantageous than K-shell for diagnostic purposes. HED Xpinch plasmas seem to be more diagnostically applicable for X-ray spectropolarimetry. An X-pinch is an arrangement of two or more micrometer-sized wires that intersect at a central crosspoint, forming an "X." When a large amount of power is delivered to an X-pinch load, the wire ablation from ohmic heating produces hotspot clusters in the central crosspoint region, allowing for reliable diagnostics. Plasma hotspots are characterized by local, bright regions of intense X-ray emission. In X-pinches, they are typically observed in the central, "Z-pinch" column region of the smallest azimuthal radius where the magnetically induced Lorentzian "pinch" force is the greatest. X-pinches produce the hottest and densest radiating pulsed power plasmas and have been experimentally shown to produce intense electron beams [11] [12] [13] . The typical electron beam current for X-pinch loads at the 1 MA Zebra generator was 30-40 kA (cutoff energy >70-90 keV) [6] . Due to their radiative properties, fixed hotspot location, and electron beam production, X-pinches were utilized for their diagnostic applicability to x-ray line polarization. However, in general, it is more difficult to observe x-ray line polarization in HED plasmas than, for example, an electron beam ion trap (EBIT) under well-controlled conditions. X-ray line polarization of K-shell lines was extensively studied on EBIT [14] , [15] , where multiple charged ions were excited by an almost monoenergetic electron beam. In HED plasmas, however, the small fraction of non-Maxwellian electrons relative to Maxwellian electrons make it more challenging to detect polarization due to the depolarization effects. A primary utility in the investigation of X-ray line polarization in X-pinch plasmas is the spectropolarimetry technique, previously applied, both in EBIT [14] , [15] and, in part, to Ti X-pinches [16] , which is based on simultaneous observations of polarized X-ray lines using two spectrometers with different sensitivities to polarization. A newly developed, dual-crystal (i.e., two spectrometers) X-ray spectropolarimeter discussed in [16] , [17] is tested and utilized in this paper. The two-spectrometer setup allows for 2-D spatial mapping of the resolved plasma source. The spatial mapping permits the isolation and targeting of plasma hotspots, where polarization measurements are performed for specific hotspot cluster locations in the source. This paper expands on the previous X-ray line polarization studies of Shlyaptseva et al. [5] by experimentally measuring the degree of polarization of Ne-like L-shell Mo lines.
The outline of this paper is as follows: Section II covers the experimental setup and relevant diagnostics, with a particular focus on time-resolved and time-integrated X-ray diagnostics; Section III comprises the spatial resolution analysis of the Mo plasma; Section IV details the polarization analysis with the measurements for a selection of experimental Zebra Z-pinch generator shots performed at the University of Nevada at Reno (UNR); Section V presents the experimental evidence for non-Maxwellian electron beams in the Mo plasma; Section VI is a discussion of the main results and the depolarization effects; and Section VII encompasses the work with concluding remarks.
II. EXPERIMENTAL SETUP AND DIAGNOSTICS
Experiments were performed on the 1-MA UNR Zebra Z-pinch generator over two experimental campaigns using X-pinch loads consisting of 2-4 Mo wires (wire diameter = 34.8 μm). The primary implemented diagnostics include time-integrated and time-resolved components. The timeintegrated diagnostics are a dual-crystal, 2-D spatially resolved Schematic of the double channel X-ray spectropolarimeter and X-pinch load. 1. X-pinch radiation source. 2. X-ray beam. 3. Horizontal slit (Ch. 1). 4. Channel #1 convex crystal. 5. Location of X-ray film cassette of channel #1 spectrometer. 6. Vertical slit (Ch. 2). 7. Channel #2 convex crystal. 8. Location of X-ray film cassette of channel #2 spectrometer.
X-ray spectropolarimeter [time integrated spectropolarimeter (TISpP)], a pinhole camera time integrated pinhole (TIPH) and a hard X-ray LiF crystal spectrometer [time integrated spectrometer (TISP)]. The time-resolved diagnostics include filtered fast X-ray Si diodes and a laser shadowgraphy system.
The TIPH camera is outfitted with six spectral channels, each allowing 230 μm of spatial resolution. Two of the six channels were used for analysis. This allows for separation of softer and harder X-ray emission between channels with cutoff energies greater than 3.4 keV and greater than 8.7 keV, respectively. The hard X-ray TISP is equipped with a convex LiF crystal with an interplanar spacing of 2d = 4.027 Å, and a spectral resolution of λ/λ ≈ 300, which captures a spectral region between 0.5 and 3.0 Å. The fast X-ray Si diodes provide spatially and spectrally integrated, time-resolved (∼1 ns) photon flux measurements. The energy cutoffs greater than 3.5 keV and greater than 9 keV are obtained through filters in front of the diodes. These were chosen to observe a range of specific spectral regions pertinent to the current study, i.e., L-shell Mo (>3.4 keV), K-shell Mo (∼17.4 keV), and K-shell Fe and Cr (∼6.4 and 5.4 keV), where the presence of Fe and Cr spectra is due to radiation from the stainless steel anode in the experimental apparatus. For shadowgraphy, a collimated 532-nm beam is directed through a lens pathway to backlight the plasma source, allowing for the capture of shadowgraphs to illuminate the structure of the source. The system consists of one channel with two frames, each 150 ps in duration, and separated by 5 ns.
The X-ray TISpP consists of two convex, α-quartz crystals (2d = 6.687 Å, radius of curvature R = 101.6 mm) arranged at 90°with respect to each other, and at a 45°grazing angle to the X-ray radiation source. The device consists of two cylindrical stainless steel vacuum chambers: one housing the slits and the primary containing the crystals and X-ray cassettes. The slit chamber includes a horizontal (Ch. 1) and vertical slit (Ch. 2) (Fig. 1) , which provide dual spatial resolution of the X-ray source along the axial and radial directions, respectively. Crystals in the primary chamber are protected by 7.5-μm-thick Kapton filters and cassettes are equipped with 7-μm mylar filters that have 0.15-μm Al double coatings, along with a hard X-ray Pb protection shield ∼3 mm thick between the two chambers. Slits mounted in first chamber are centered 82 (Ch. 1) and 87 cm (Ch. 2) from the X-ray source in the first experimental campaign and 86 (Ch. 1) and 92 cm (Ch. 2) in the second experimental campaign. Crystals are centered 45 and 42 cm (Ch. 1 and Ch. 2) from slits and 16 and 16.5 cm from X-ray films in both campaigns. With slits ranging in width from 1 to 2 mm, approximate spatial resolution of X-ray source due to the geometric constraints ranges from 4.8-5 mm (2-mm slit) to 2.4-2.6 mm (1-mm slit). The arrangements of the crystals are selected to isolate a single-linear component of the radiation intensity. Channel 1 (Channel 2) transmits the parallel (perpendicular) intensity component, where the orientation is relative to the X-pinch axis of symmetry (i.e., the electron beam). (see Fig. 1 )
III. SPATIAL RESOLUTION ANALYSIS
In order to measure the X-ray line polarization from the plasma X-ray source, analysis of the spatial resolution of the X-ray TISpP spectral images is performed in conjunction with the TIPH images. This results in the determination of a targeted location of our different plasma sources at which we measure the degree of polarization of the spectral emission. For both channels in the TISpP, radiation travels from the source, through the slit, off the convex crystal, and onto the cassette film. The orientation of the slit results in a spatial resolution along the axial direction (Ch. 1) and radial direction (Ch. 2) of the plasma source, as observed on the TISpP spectral images on the X-ray films (see Fig. 1 ). The mapping of the TISpP spectral images onto the plasma source are as follows: channel 1-the horizontal slit produces an inversion of the source image where the top-to-bottom of the source is represented by the bottom-to-top of the spectral band when analyzing the spectrometer film; channel 2-the vertical slit results in the left-to-right direction of the source represented by the top-to-bottom of the spectral band when analyzing the spectrometer film. Fig. 1 illustrates this setup. The goal of the spatial resolution analysis is to compare the TIPH images and the TISpP spectral images to correlate the portions of the spectral band on the spectrometer film with the location of the source of X-ray emission in the plasma. Relevant design parameters for spatial resolution in the TISpP are the distance from the X-ray source to the slit, a, the distance from the slit to the X-ray film, b, and the slit width, d. The magnification of the source image () is given by = b/a and the spatial resolution of the plasma source is
For example, for Zebra shots # 4594-4597, we calculated a source resolution, L, of 4.74 mm (Ch.1) and 5.1 mm (Ch. 2) for d = 2 mm, and 2.4 (Ch. 1) and 2.5 mm (Ch. 2) for d = 1 mm. Due to magnification effects from the slit interaction, the source image undergoes demagnification of 0.73 and 0.66 for channels 1 and 2, respectively. We obtain the resolved source size of the spectra as it radiates from the plasma source by measuring the height of the spectral band on the film and dividing it by the demagnification coefficient. Table I lists the results for all spatially analyzed experiments in this paper.
The portion of the resolved source size that falls within the object resolution parameter, L, is the area we target for our analysis. An illustration of this analysis is presented in Fig. 2 . Fig. 2(a) shows the TIPH image of Zebra shot #4594 with an energy cutoff greater than 3.4 keV, which encapsulates the energy range of L-shell Mo. Fig. 2(b) and (c), respectively, shows the axially and radially resolved regions of the TIPH plasma source and the resolved area mapped on the TISpP spectral images for channel 1 and channel 2, again for shot #4594. This analysis was performed for all experiments considered. We use these results as a guide for our polarization analysis in the subsequent section. We note that in Zebra shot #4946, there exists a much larger resolved source size for channel 1, relative to the other Zebra shots with d = 1 mm. This is due to the enlarged width of the spectral band in channel 1 for our axially resolved data, which is caused by a contribution of plasma hotspots along the axial region of our source. These hotspots produce different horizontal sections of the spectral band that result in an overall blending and widening of the bandwidth. From this widening, we can isolate the independent areas of the spectral band that correlate with the hotspots seen in the TIPH image. Further analysis was performed for the Zebra shot #4597 to illustrate the measurement of these hotspots (Fig. 3) . Two distinct bright spots, labeled A and B, are highlighted with their respective 2.4-mm spatially resolved areas. The resolved source size for each bright spot is represented by the corresponding notation in Table I for Zebra shot #4597.
IV. POLARIZATION ANALYSIS
In order to determine the degree of polarization of a line of interest, its intensity is normalized to a line that is nearly unpolarized, or to a line whose polarization is known experimentally or theoretically with reasonable certainty. The Ne-like Mo lines of interest in this paper are the 1s 2 2s 2 2 p 5 3d 1 P 1 → 1s 2 2s 2 2 p 6 1 S 0 , 1s 2 2s 2 2 p 5 3d 3 D 1 → 1s 2 2s 2 2 p 6 1 S 0 , 1s 2 2s 2 2 p 5 3s 1 P 1 → 1s 2 2s 2 2 p 6 1 S 0 , and 1s 2 2s 2 2 p 5 3s 3 P 1 → 1s 2 2s 2 2 p 6 1 S 0 transitions, commonly known as 3C (4.6325 Å), 3D (4.8044 Å), 3F (4.9828 Å), and 3G (5.2069 Å), respectively [18] . For polarization analysis, we calculated the degree of polarization of lines 3C, 3D, 3F, and 3G using the Flexible Atomic Code (FAC) [19] . Numerical computations were performed over the electron beam energy range of 2.75 keV (just above the excitation threshold) to 100 keV, and the results are illustrated in Fig. 4 . In general, the 3F and 3G lines have a much lower degree of polarization in comparison to the 3C and 3D lines. Moreover, their polarization shows very little sensitivity to an increase in electron beam energy. Since the degree of polarization of the 3G line is lowest in comparison to other lines, we have selected it for purposes of cross normalization.
The polarization of L-shell Mo line radiation is measured through the comparison of intensity components using the relative intensities of 3C, 3D, and 3F versus 3G. We seek to form an equation for polarization that is dependent on the relative intensities. In order to do this, we start with (2) and proceed with two assumptions: 1) the polarization of the 3G line is approximately zero (3) and 2) each crystal (channel) completely isolates and reflects only one linear component of intensity (4) . These assumptions introduce nominal uncertainty into our measurements since: 1) the 3G line is nearly unpolarized, and its degree of polarization is insensitive to the electron beam energy and 2) at a Bragg angle of ∼46°, the α-quartz crystal is very near the 45°angle that perfectly isolates one independent linear component of intensity. At this Bragg angle, the contribution of the parallel component (relative to the plane of reflection) will be minimal compared to the perpendicular component that will dominate the reflection. This error is combined with the error introduced by the integration of the spectral line profiles (discussed in Section VI). Thus, both assumptions are valid
In (4), the subscripts "1" and "2" represent the given channel of the TISpP. Moreover, (4) can be used for any spectral line, where the specific line should be properly denoted in the equation. Manipulation of (2) using the assumptions in (3) and (4) allows us to form the final equation, represented for any of the Ne-like lines considered, (D),i.e., 3C, 3D, and 3F
Polarization analysis starts with digital lineouts of the axially and radially resolved spectral images. Due to the spatial resolution analysis, lineouts are taken across the whole width of the spectral band to coincide with the resolved plasma location, with exception of Zebra shot #4597, where lineouts are taken across the regions representing specific hotspots. For the Zebra shots #4594-97, the calibrated spectra are fit with a Gaussian curve over all iterations whereas Zebra shots #4946 & 4948 are fit with Voigt profiles for all integration values. Experimental measurements for polarization of the six analyzed shots are given in Table II . Polarization values are as follows: 2%, 5%, 6%, 8%, 10% 11%, and 15% for 3D, 8% & 11% for 3C, and 1%, 3%, 4%, 5% and 6% for 3F, where we have strong correlation in 3C and 3D, i.e., 10% and 11% (#4946), and 8% and 8% (#4948). We note that the 3C line was not recorded (due to the geometrical limitations of the source-crystal-film configuration) by the spectropolarimeter in the first campaign and its analysis was not performed. In addition, 3F is not analyzed for #4946 due to its low intensity in the spectra.
V. EVIDENCE OF ELECTRON BEAMS
For complete polarization analysis, validation of electron beam presence is required. Figs. 5 and 6 provide strong evidence of the existence of electron beams interacting with the plasma source. These figures are provided for illustrative purpose, wherein, we note similar analysis was performed on all experiments considered. Fig. 5 displays the experimental signals for Zebra shot #4596 which include a current output (∼0.9 MA) along with significant radiation signals for both energetic thresholds of X-ray diodes, i.e., greater than 3.5 keV and greater than 9 keV. Also, shown are appreciable signals in the Faraday cup, which measures an electron beam energy greater than 94 keV. Strong signals were observed for all analyzed Zebra shots. and Cr-K α lines are associated with the interaction of the electron beam and the stainless steel anode in the experimental apparatus. The characteristic Fe and Cr emissions are fit with synthetic spectra from the Spectroscopic Collisional-Radiative Atomic Model (SCRAM) [20] to infer plasma conditions of T e = 10 eV at n e = 10 20 cm −3 for Maxwellian electrons. Hot electrons are included at a fraction of f = 1% with an energy of 5 keV and a full-width at half-maximum (FWHM) of 70 eV. Shadowgraphy of the X-pinch during the pulse period provides visual evidence of axial jet production along the electron beam pathway. The axial jet predicates a direct interaction pathway for the electron beam and plasma source. This aids in the confirmation of an electron beam acting to induce the polarization of X-ray radiation from the Mo plasma source.
VI. DISCUSSION
The primary goal of this paper was to demonstrate whether the X-ray line polarization of L-shell Mo can be observed in HED high-Z plasmas. Two types of plasmas are observed: hotter Mo plasma indicated by the Ne-like Mo line emission (T e ∼ 500-1000 eV) [21] and a much cooler plasma (T e ∼ 10-30 eV) from the anode. In addition, high-energy electron beams are present, which manifest through the Si diode signals and a Faraday cup in Fig. 5 . When crosschecked with the LiF spectra in Fig. 6 , the characteristic emission aligns with the energy range of the experimental signals observed from the Si diodes. These experimentally confirm the presence of nonMaxwellian electrons in the plasma.
Furthermore, the theoretical line polarization values calculated by FAC (Fig. 4) for Ne-like Mo represent the maximum degree of line polarization that can be achieved by excitation of 100% non-Maxwellian electrons for the selected range of electron beam energies. However, in an HED plasma, there is a relative composition of non-Maxwellian to Maxwellian electrons. In these plasmas, the fraction of non-Maxwellian electrons is usually much less than 100% relative to thermalized, Maxwellian electrons. This causes a decrease in the degree of line polarization in Z-pinch plasmas, i.e., a depolarization effect. These depolarization effects are largely predicated by the small fraction of nonMaxwellian electrons relative to the Maxwellian electrons and unknown details of the EDF in the plasma. When performing the theoretical calculations in FAC, a monoenergetic EDF is utilized with different electron beam energies to calculate the polarization in the Ne-like emission (P hot ), based on a 100% non-Maxwellian electron content. However, in Z-pinch plasmas, the EDF is, in general, not monoenergetic and the non-Maxwellian electron content is not 100%. Depolarization effects in HED plasmas are much larger, in comparison to those seen in the electron beam ion trap [12] , [13] . Previous work has shown that a non-Maxwellian electron fraction of 3-5% is sufficient to observe 5-10% line polarization in the resonance He-like lines [22] . The mathematical formalism used in [22] to estimate line polarization considers a steep EDF in the plasmas, with parameters E c and γ for non-Maxwellian electron beam cutoff energy and power index, respectively. In this formalism, the degree of line polarization, P, mostly depends on the maximum degree of polarization, P hot , and the ratio of electron excitation rates by Maxwellian and nonMaxwellian electrons, g
where f is the fraction of non-Maxwellian electrons, vσ is the excitation rate, and F is the respective EDF. We can obtain an estimate of g through analysis of the depolarization in our lines. Using the theoretical P hot values calculated in Fig. 4 , we analyze the dependence of line polarization on g. From knowledge of the relative contribution of nonMaxwellian electrons, it may be possible to further estimate the steep EDF cutoff energy, which is indicative of the beam energy, E b , of the non-Maxwellian electrons for each line transition in each experimental shot. Fig. 7 illustrates the depolarization effects on the degree of line polarization for the 3D line as a function of g. The maximum values of polarization (P hot ) are color coded at E b = 6, 10, and 20 keV. The 3D line is chosen for illustrative purposes due to its larger degree of polarization and its consistent presence in each experiment. Theoretical 3D polarization values, in terms of the maximum degree of polarization, P hot , and g were calculated using the following P hot values: 0.42 at E b = 6 keV, 0.36 at E b = 10 keV, and 0.21 at E b = 20 keV. Fig. 7 illustrates the sensitivity of line polarization to P hot and g, where the degree of polarization increases with the growth of g, approaching a maximum polarization reached when 100% of non-Maxwellian electrons contribute to our plasma, i.e., P hot (E b ) when g → ∞. When comparing the tendencies of the degree of polarization, we observe that the degree of polarization of 3D, as a function of g, is greatest at a P hot electron energy of 6 keV. By fitting our experimental measurements with the theoretical calculations, we can approximate the respective non-Maxwellian electron energies, E b , and contribution to excitation rates, g, for 3C, 3D, and 3F in each experimental shot. Through preliminary comparison, we compare our polarization measurements with the theoretical polarization calculations with consideration of depolarization effects. For example, the polarization measurements of P = 0.152 (3D) and 0.062 (3F) for Zebra shot #4596 (see Table II ), give g = 0.16 when P hot = 0.41 (3D) and 0.06 (3F) at E b = 6 keV. Measurements of P = 0.11 (3D) and 0.05 (3F) for Zebra shot #4597A indicate g = 0.1 when P hot = 0.41 (3D) and 0.06 (3F) at E b = 6 keV. Through further comparison, we confirm that the experimental polarization measurements support the theoretical calculations with a P hot electron beam energy of E b = 6 keV for five of six shots (i.e., #4594-4597 and #4946) over a range of g. Zebra shot #4948 alluded to a more energetic electron beam of 20 keV. Hence, we deduce the presence of ≥6 keV nonMaxwellian electrons in our plasma source based on the calculated polarization values, which align with the energetic range of the characteristic Mo emission (17.4 keV) and the X-ray diode signals (>3.5 keV). From the spatial resolution analysis, we determined the spatial mapping of the plasma source from the TIPH onto the spectral image of the TISpP. This utility is favorable as it allows us to target specific bright spots of our plasma source and observe the spectral emission associated with that spatial coordinate.
Measurements of X-ray line polarization can usually provide estimates of the low-limit or cutoff energy (E c ) of electron beams, which occur at energies close to or exceeding the excitation threshold energy, when under the assumption of the non-Maxwellian EDF with a certain cutoff energy. In our case, the measured polarization values were indeed positive which means the low-energy electron beam cutoff was slightly above >5 keV. It should be emphasized that X-ray line polarization is one of the unique tools to diagnose the cutoff energy of the non-Maxwellian EDF. For example, insensitivity of hot electron effects to the cutoff energy (when cutoff energy is larger than the excitation threshold) through polarization-insensitive X-ray spectra was studied in detail in [23] . The high energy tail of the non-Maxwellian EDF can be measured only by Faraday cup because it does not contribute to X-ray line polarization.
The statistical errors reported in Table II associated with the polarization measurements are comprised of the standard error of the line intensity values and the error introduced from the assumption of an unpolarized 3G line. Line intensities are determined through application of line profile curves to each of the spectral lines considered in this paper. The OriginPro data analysis software is utilized for this process. Each line profile fit produces an area value with an associated standard error. The error is then propagated through the polarization formula, using numerical and fractional uncertainties, to produce the experimental uncertainty in the polarization measurements. The error introduced from the unpolarized 3G line assumption is a 1% decrease in the degree of polarization in the measured 3C, 3D, and 3F lines per 1% degree of 3G line polarization unaccounted for, e.g., if 3G line has a 3% polarization, then each of the three measured lines would increase in polarization by 3%. Due to depolarization effects observed in the plasma, we estimate an overall polarization of 3G line of about 1%. The error introduced is thus about 1% and is added in quadrature to the experimental error associated with the spectral line fitting process. These new errors increase by only 0.5% at the maximum compared to the experimental error.
VII. CONCLUSION X-ray line polarization of Ne-like Mo emission was measured for the first time in Mo X-pinch plasmas. This was performed to demonstrate the applicability of X-ray line polarization to pulsed-power plasmas. X-pinches were chosen due to their high radiation yield, fixed, central plasma location and reliable electron beam production. The recently developed X-ray spectropolarimeter was tested and verified as an efficacious diagnostic in the spatial mapping of the plasma source when employed in conjunction with a pinhole camera. The dual-spectrometer functionality allowed for the targeting and mapping of plasma hotspots. Polarization measurements were performed through the analysis of relative intensities of Ne-like Mo lines, where the Ne-like 3G line was used for cross normalization. The degree of polarization was measured for the Ne-like 3C, 3D, and 3F Mo lines, where appreciable polarization was measured in all lines with a strong correlation between 3C and 3D. Conclusively, from experimental measurement and theoretical modeling, we found strong evidence of an electron beam (≥5 keV) inducing appreciable polarization (1-15%) in the L-shell Mo radiation through direct interaction with our Mo plasma. Depolarization effects were discussed to explain the results of the experimental measurements. Consideration of depolarization effects in the theoretical analysis of Ne-like Mo lines, for a selection of electron beam energies, allowed for the estimation of the non-Maxwellian electron contribution through the ratio of excitation rates of non-Maxwellian to Maxwellian electrons. The existence of the electron beams were further validated through the experimental signals and K-shell characteristic emission of Mo, Fe, and Cr in each shot. This paper marks the first full, comprehensive polarization study of an X-pinch Ne-like Mo plasma.
